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Abstract Scintillator Crystal Array Lead parallel
- . . (3x3x5 mm® Csl:Tl) channel collimator
We describeMonte Carlo simulation resultfor breast .
Array of low-noise

)ﬂ ation source

(99T ¢-Sestamibi)

tumor imaging using a compadiscretegammacamera. The photodiodes coupled~,
simulations were designed taanalyze and optimize camera ~ 1-ltocrystals
design, particularly collimator configuratiand detectopixel

size. Simulated planar images of 5-15 miametertumors in Integrated circuit
a phantom patient (including a breatstrso, and heart) were readout for
generatedor imaging distances of5—55 mm, pixel sizes of photodiode array
2x2—-4x4 mn?, and hexagonaland squarehole collimators

with sensitivites from 4000 t46,000 counts/mCi/se®ther Figure 1. Basiccomponents of aliscrete gamma camenasing
factors considered included/B (tumor-to-backgroundtissue photodiode readout adptically-isolated scintillator crystals. The
uptake ratiojand detectoenergyresolution. Image properties scintillator crystals and photodiodes could be replacedvith a
were quantified bycomputing theobservedumor fwhm (full-  Pixellated CdZnTe solid-state detector array.

width at half-maximum)and S/N (sum of detectedtumor .

eventsdivided by the statistical noise). Results suggest thidd e X
hexagonaland squarehole collimatorsperform comparably, & 3-D phantom to study how breast lesion imagingffected
that higher sensitivity collimatorprovide higher tumor S/N by collimator geometry, pixel size, tumor size, tunuepth,
with little increase inthe observectumor fwhm, thatsmaller 1/B uptake ratio, and detector energy resolution.

pixels only slightly improve tumor fwhnand S/N, and that

improved detector energy resolution hidide impact oneither Il. MONTE CARLO SIMULATION PROGRAM
the observed tumor fwhm or the observed tumor S/N. The programgeneratesyamma rays in a 3-D phantom
patient (Figure 2)and determines inwhich camerapixel, if
|. INTRODUCTION any, eachevent is detected. Moderatbreast compression is

irfssumedhencethe phantom breast thickness66 mm. The
simulation includes both Compton scattersryl photoelectric
absorption within the patient. It fully implements collimator
geometry—including hol@iameter,hole shapghexagonal or
square), channelength, and finite septal thickness—but
assumes that no photopenetratethe collimator septa and
does not model either Compton scattek-gay fluorescence in

In recent years therdas been significant interest
developing compact gammeamerasusing either discrete,
optically-isolated scintillator crystals with silicophotodiode
readout[1-3] or pixellated cadmium-zinc-telluride(CdznTe)
solid-statedetector array$4]. Thesedevicespresent numerous
advantages over traditional ~Anger cameras using
ﬁngfguwg:jeigi;g?ﬁlzgﬁﬁgﬂ Ti?n%?;?ét p?égg;i%dlmg:;\g the collimator. Detector energyresolution is included by
scinimammography a valuable complement traditional convolving the trueenergywith a Gaussian whoseidth is

breastcancerscreening techniquegigure 1 shows théasic Proportional to thesquareroot of the energyDetector pixels
components of such a camera. have no spacing between theamd it is assumedhat gamma

_ . rays deposit all their energy in the first pixel they encounter.
The performance ofcompact,discretegammacameras is s50
mm

strongly influenced by camerageometry, including both y
collimator configuration (which is critical since in single  Torso

photon imaging the collimator limits both systegpatial 40 mm

resolutionand sensitivity) and pixel size.However, there has T —

yet to be a comprehensive exploration of haamera

geometry affects breasttumor imaging for thesedevices. Heart

Simulations to date have generatlgaltwith eithertraditional 22 S 150 U/%_ -

Anger camera§s—8] or compactameraaitilizing a PSPMT

(position-sensitive photomultiplier tube) [8]. Those tihat/e 60 A
analyzed discretggamma camerageometries have looked at —

imaging a simple poinsource inthe absence of background Breast Tumor
[2, 10]. The Monte Carlaode discussed irthis paper was - o mm (Variable size
designed to benore representative ofhe taking of abreast Camera (collimator and position)

and detector pixels)

Figure 2. 3-D phantom and camera positioning used for Monte
IThis work was supported in part by the U.S. Department dfarlo simulations designed to emulate scintimammography.
Energy under Contract No. DE-ACO03-76SF00098, in part byhe phantom includes a spherical tumor, one breast (the other
Public Health Service Grant Nos. P01-HL2584énd RO1- is assumed shielded from the camera), a spherical heart, and a

CA67911, and in part by the Fannie and John Hertz Foundationtorso.
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[ll. SIMULATION METHODS where the pixels over which everage summed isadjusted to
. . maximize the ratio. The S/N isomputedusing equation 1
A. Imaging Time with a symmetrical pattern of 1, 5, 93, 21, 29, 37, or 45

In order to emulate a clinical scinimammography scan tpels centeredbeneaththe tumor (representing a region of

the typical imaging time of 10 minutes. A background activifj€ant to quantifthow visible a tumomwould beagainst the
density of 80 nCi/cr? is assumed fothe torsoand breast Packground and thus allow for the comparison of imagksn

phantom sections, while theeartactivity density isassumed With different cameraconfigurations, obviously an ROC
to be 10 timegyreater. Giverthe heartvolume of 268 cn®  (receiveroperator characteristigtudy would benecessary to

and total phantom volume df0,950 cnd, the total phantom guantify actual tumor detectability.

activity is about1.07 mCi. This corresponds.td.38x101L It?h ItExpected Tumor Event Rate
gamma rays in 10 minutes, hence for each simulated scan tha

number of individual gammas is analyzed. Clinical scintimammography studies with traditiodaiger
L. cameras have generabjpown decreasedensitivity for tumors
B. Photon Energy and Energy Discrimination less than 10 mm in diameter [11-12], largelye tothe small

In all cases140 keV gamma rays fronf9MTc were Volume of the tumorand hencelow total activity. Table 1
simulated. Exceptvhereotherwise noted, theletector energy displays the expectednumber of detected tumor-generated
resolution wasassumed to be0% fwhm and the energy 9@mma rays for a 10 minuseanwith collimators ofvarious

acceptance window 126154 keV. sensitivitiesandtumors of various size@achwith a T/B of
. 5). Because ofthe count limitationsinherent with imaging
C. Generation of Background Events 5 mm tumors, we have focused our analysis on tumors

The generatiorand scatter analysis oackground events7'5 mm or larger in diameter.

(those originating in the breast, torso, heart)consumes the Table 1.
vast majority of computational time. For example, a 10 MMypected number of tumor events detected in a 10 minute scan for
diametertumor with a T/B of 10 is responsible for les®n gifferent collimator sensitivities and tumor sizes, assuming a T/B
0.04% of the simulated events. Bave computationaime of 5 (activity density = 400 nCi/cf and no scatter attenuation.
when simulating many imaging scansnder diferent Collimator JHigh Resolutiop All Purpose |High Sensitivity

conditions, a large number backgroundphotons isgenerated Sensitivity | (3000 cpsimCi) | (8000 cpsimCi] (16,000 cps/imCi)
andthe energyposition, anddirection of those photons that

successfullyreach the front face of the camera collimator

Number of Tumor Events Detected in 10 mi

saved. Photons randomly selectedfrom this pool of pre- j2mm tumor 63 125 250
generated backgroungamma raysare usedor breast events |/.5 MM tumo 210 420 850
(~87% of the background)while algorithms mimicking the |10 mm tumo 500 1000 2000
appropriate distributions are used to quicg@neratgorso and |15 mm tumo 1700 3400 6700
heart photons (~10% and ~3% of the background,

respectively). Random variations in thmckground pattern IV. SIMULATION RESULTS

from scan to scaare maintained,and the analysis ofwhich
photonspenetratethe collimatorand inwhich pixels they are A. Typical Tumor Images and Background Pattern
detected isperformedfor all such photongluring eachscan.
These time-saving efforts result in negligildbanges to the
background observed in images.

Four examples of tumor imagegenerated by the
simulation code with an optimistic T/B of 1dre presented in
Figure 3, illustrating the role of tumor siznd depth. A
D. Characterizing Tumor Images 7.5 mm diameter tumor close to the collimator (a) héghen

) ] of 5.9 mm and a S/N of 17.5, while giteater depththe same

In order to comparéumor images fronulifferentscans, we tymor (b) has a similar fwhm &1 mm but a S/N of only
quantify two values: observed tumor fwhm astiservedumor 7 5 making the tumor difficult tdiscern. A15 mm diameter
SIN. The tumor fwhm is calculated as the fwhm afuave fit {ymor close to the collimator (c) has a fwhm1®.7 mm and
to the number of tumor eventetected in aow of pixels. 4 s/N of 62.8, while at greater depth (d) its fwhm is about the
Values reported in this paper are the average of four such fWdyp e (11.4 mm) but its S/Nropssignificantly to 37.2. The
values foregchtumor_—on_e alongeach ofthe_x_, y, and t_wo typical background pattern for these images has
45 degreediagonal directionsBecausethe fitting function 1g4 counts/pixel with a standard deviation of

image of a sphere (87% of the diameter). i o
Observed tumor S/N is calculated as: B. Collimator Sensitivity and Hole Shape
The classictradeoff betweencollimator spatial resolution
detected tumor events and sensitivity is critical to any single phototamera. The
S/ N = P@s ) desire tosee small tumo'rsslo mm in diame.ter'sugg'ests'
\/ all detected events emphasm_ng high resolution, while th_e_coun_t-hmlted_ situation
described inTable 1 suggestemphasizing highsensitivity.
pixels
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Figure 3: Typical images produced by the Monte Carlo simulationg __ E
A 7.5 mm diameter tumor (a) 5 mm and (b) 55 mm deep, and a g = .
15 mm diameter tumor (c) 7.5 mm and (d) 52.5 mm deep. No & [ .
grayscale enhancement or windowing has been performed. All fog 10 =
images use a 8000 events/mCi/sec sensitivity hexagonal hole C 3
collimator, 3x3 mm pixels, and a T/B of 10. The tops of the ol Lo Ly L Ly a1
images are closest to the chest wall. 0 10 2 30 40 50 60

Tumor Depth (mm)
Additionally, we must considerthe possibility of usinggither (b)

hexagonal or square collimator holes. Hexagonal hole Figure 4: Dependence of (a) observed tumor fwhm and (b) observed
collimators are more readily available from indusindhave a tumor S/N on the choice of collimator. For both plots the tumor
more symmetric septal penetration pattern, $guareholes being imaged is 10 mm in diameter with a T/B of 10, while the

can be matched-to-1 (or even 4-to-1) tdhe square detector Pixel size is 2x2 mi

pixels and thus mayprovide asuperior system poingpread

responsewith minimal dependence orsource position by While the increasefrom 8000 t016,000 counts/mCi/sec on
average increases it an additiorB8%. In contrast to the

eliminating the aliasinglue to geometric mismatchetween It ! . . |
pical increase inspatial resolution thabccurswith greater

hexagonal collimator holes and square detector pixels. Prevfg L of h it b dt fwhm d
simulations suggestiowever, thatthis aliasing problem is diStancefrom the collimator,observeatumor fwhm does not

small for hexagonal hole collimators if the hole size is led¥orsen S|gn|f|c§1ntlyW|th mcreasedumor depth because the
than about half the pixel size [2]. tumors are relatively close to the collimatoand are large

) ) ) ] compared tahe hole sizesand collimator spatial resolution.
Figure 4 displays simulation results for tbleservedumor opserved S/N is strongly influenced by tunapth (primarily
fwhm andS/N for a 10 mm diametertumor imagedwith six  gye to the attenuation of tumor photons): at a depi5omm
different collimator designsHexagonalhole collimatorshave ihe /N averages only 48% of its value at 5 mm defends

channels1.0 mm indiameterand 21, 15, or10.5 mm in gndconclusions fof7.5 mm and15 mm diametertumors are
length, yielding sensitivities of 4000, 8000,  Ofjrtyally identical.

16,000 counts/mCi/secrespectively. For thesquare hole ) _
collimators the channelsre matched-to-1 to the2x2 mn? C. Pixel Size
pixels and are 43, 31, or 22 mm in length to providestrae

E‘;?S;}:Vét(')ensf.' resgectlvtehly, as Ehﬁﬁagkonal h_olgzglhmators. therefore carpotentially improve system spatial resolution.
'gurations the septal thickness 1s 0.2 mm. Additionally, smaller pixel size means that tplotodiodes
Little difference isevident between hexagonahd square used to read out individual scintillator crystals are also smaller,
holes, ashexagonal holeproduce observetimor fwhm and hencethey will demonstratdess capacitanceand dark current
SIN values that oraverage ared.1 mm greaterand 2.3% and thereby help improve detector energgolution.However,
smaller, respectively, than thosbservedwhen usingsquare decreasing pixel size does increase the density of the electronics
holes. Collimator sensitivity has only a small impact on tiequired to read out the detector array.
observedumor fwhm—increasing theensitivity from 4000
to 8000 counts/mCi/seincreaseghe observedtumor fwhm
an average o®.4 mm, andincreasing thesensitivity again to
16,000 counts/mCi/seincreaseghe averagefwhm only an
additional 0.5 mm. Tumor S/Nyowever, ishighly dependent
on collimator sensitivity, as théncrease from 4000 to
8000 counts/mCi/sedincreaseghe S/N anaverage 0f39%,

Smaller pixels improve the intrinsic spatial resolution and

Figure 5 displays simulation results for tbleservedumor
fwhm and S/N for different pixel andtumor sizesDecreasing
pixel size slightly decreaseshe tumor fwhm (more so for
tumors <10 mm in diameter): decreasingixel size from
4x4 mn? to 3x3 mn? results in an average fwhoecrease of
0.7 mm, while 2x2 mn? pixels yield a further average
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s E J E. Detector Energy Resolution
DE = L . . i
= . E Variations in detector energy resolution within tlaage of
E N elli- A 3 5-15% fwhm havelittle impact on either observedtumor
S oE 10mm tym & 3725 s e - 3 fwhm or S/N, as shown in Figure Tompared to an energy
2 F ®=ss=sg=-=- . o e 3 resolution of 15% fwhm, a 5% fwhnenergy resolution
Ok 7.5mm tumor T ---e-o L, provides anaverage observedumor fwhm only 0.1 mm
oBoiv v by v by by by by 0o 3 smaller and an averag®N only 5.2%larger. We believehis
0 10 20 0 40 50 60

insensitivity to energy resolution is due to the |lbackground

(b) rate at higher energies: assuming 10% fwdmergyresolution
only ~20% of the image-forminghotonsare scattered before

Figure 5: Dependence of (a) observed tumor fwhm and (b) observ@stection. Hence it is reasonable that under thgsemstances

tumor S/N on tumor diameter and detector pixel size. For both  smga|| changes in energyesolution would not significantly
plots the collimator has hexagonal holes and a sensitivity of affect image quality

8000 counts/mCi/sec, while a T/B of 10 is assumed.

Tumor Depth (mm)

8

decrease 0of0.2 mm. Observed S/N demonstrates little

dependence orpixel size—for 2x2 mn? pixels the S/N
averages 1.2% higher than for 3x3 fpixels, which in turn
averages4.7% larger than the S/Nfor 4x4 mn? pixels.
Finally, the observedS/N, asexpecteddependsstrongly on
tumor diameter:the S/N for 15 mm tumors is onaverage
120%largerthan for10 mm tumors, which in turnaverages
85% larger than the S/N for 7.5 mm tumors.

[ee]
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D. Tumor-to-Background Tissue Uptake Ratio 10 A umor D3gpth (mm4)0 0
While we haveassumed ar/B of 10 for most of the (a)
simulated image acquisitions, estimates of the aaiptdke R UL ELIL I I L L
ratio for breast tumori vivo vary but aretypically lessthan % 0 ;— —;
10. Since the number aletectedumor events scaldgearly s 5 E 3
with T/B, it is important to consider the impact thataage of £ __E 3
T/B values will have on the acquired images. = i E E
Simulation results showing thdependence of observed§ 0 E_ _§
tumor S/N on the uptake ratio, T/Bregiven in Figure 6 for o E 3
a range ofumor sizes. ThebservedS/N for tumors with a £ SE 3
T/B of 10 is on average 75% larger than for tumors with a T/B 0 £t 'l'o' e b Lo by '5'0' o}

of 5, which in turn demonstrate abservedS/N thataverages Zgrumor D%’pth (mngo
120% larger than for tumors with a T/B of 2. Also of note is (b)

that the 7.5 mm tum_or with &/B of 5 E.m.d both the 7.5 and Figure 7: (a) Dependence of observed tumor fwhm and (b) observed
the 10 mm tumors with a T/B of 2 exhibit an obser_ved S/N @hor S/N on the detector energy resolution. For both plots the
less than 1(@ven at a depth abnly 5 mm, suggesting that yymor being imaged is 10 mm in diameter with a T/B of 10, the
smaller tumors 10 mm in diameter)with a low T/B €5) collimator has hexagonal holes and a 8000 counts/mCi/sec

will be challenging to detect. sensitivity, and the pixel size is 3x3 rAm
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V. CONCLUSIONS

In terms of observed tumor fwhand S/N, hexagonal hole
(1.0 mm diameter) collimators perform nearly aswell as
squarehole collimatorsmatched 1-to-1 to detector pixels.
Further, hexagonal hole collimatoheve a more symmetric
septal penetration patteemd aremore readily available from
industry. The geometric mismatctbetween hexagonal
collimator holes and square detegbixels has the potential to
slightly increasepixel-to-pixel variations in sensitivity, but
pixel-to-pixel sensitivity variationsneed to be corrected(2]
through calibration regardless of the choice of collimator.

Since the tumors wexpect to have enougdctivity to
detect in 10minutes are relatively large £7.5 mm), tumor
size tends to dominatbservedumor fwhm more tharither
pixel size or collimator spatial resolutioHencethe benefits [3]
of small pixelsandhigh resolution collimators@re marginal.
Collimators  with  high  sensitivities of 8000 to
16,000 counts/mCi/segield significantly better tumor S/N
values than do high resolution collimators  wit
4000 counts/mCi/sec  sensitivity. Further, thodggher
collimator sensitivities only slightlyncrease observetlimor
fwhm. Hence, a high sensitivitiexagonal hole collimator is
a wise design choice for this application. 5]

The improved intrinsic spatial resolution offered by smaller
pixels does slightly decreasetumor fwhm, especially for
tumors <10 mm in diameter. Further, slight increases in
observed tumor S/N are realized with smaller pixels siheg
are better able to conform tonon-squaretumor shapes.
However, forboth metrics the gainsre small and show
diminishing returns—the improvemerdalized bygoing from
3x3 to 2x2 mn? pixels is significantly less tharealized by
going from 4x4 to 3x3 mn? pixels. Thus, decreasing
photodiode capacitan@nd darkcurrent appear to bthe only 8]
compelling reasons todecreasepixel size much below
3x3 mn?, and that must be weighed against the difficulty and
expense of increasing the density of the readout electronics.

Finally, variations indetector energyesolution over the 9]
range of 5-15% fwhm have velijtle impact on theobserved
tumor fwhm or S/N. This is in partue to the favorable
imaging geometry assumed (Figure 2) whereincdraeradoes
not look directly at eitherthe heart ortorso. In contrast,
reference [13buggests thagnergyresolution is important for
scintimammographyecause othe prevalence ofCompton-
scattereceventsreachingthe detector. Howeverthe phantom
geometry in that work wadifferent andthe range of energy
resolutionsexamined considerably larger @0-30% fwhm.
Since 140 ke\energyresolution of 8-11% fwhm haalready [11]
beendemonstratedvith discretescintillator/photodiodecamera
technology [2, 3]and 4% fwhm has beenachieved with
CdznTe detector array§d], we feel the range of energy
resolutions studied in this work is reasonable.
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